[1] We estimate ice volume change rates in the northwest Greenland drainage basin during 2003-2009 using Ice, Cloud and land Elevation Satellite (ICESat) laser altimeter data. Elevation changes are often reported to be largest near the frontal portion of outlet glaciers. To improve the volume change estimate, we supplement the ICESat data with altimeter surveys from NASA's Airborne Topographic Mapper from 2002 to 2010 and NASA's Land, Vegetation and Ice Sensor from 2010. The Airborne data are mainly concentrated along the ice margin and thus have a significant impact on the estimate of the volume change. Our results show that adding Airborne Topographic Mapper and Land, Vegetation and Ice Sensor data to the ICESat data increases the catchment-wide estimate of ice volume loss by 11%, mainly due to an improved volume loss estimate along the ice sheet margin. Furthermore, our results show a significant acceleration in mass loss at elevations above 1200 m. Both the improved mass loss estimate along the ice sheet margin and the acceleration at higher elevations have implications for predictions of the elastic adjustment of the lithosphere caused by present-day ice mass changes. Our study shows that the use of ICESat data alone to predict elastic uplift rates biases the predicted rates by several millimeters per year at GPS locations along the northwestern coast.
Introduction
[2] During the past decade, several efforts have been made to estimate Greenland ice mass balance [Rignot et al., 2008 [Rignot et al., , 2011 Sasgen et al., 2012; Thomas et al., 2006; van den Broeke et al., 2009; Velicogna, 2009] . Some mass loss estimates show that mass loss rates from major parts of the ice sheet have more than doubled since the 1990s, especially in the coastal regions of southeastern and northwestern Greenland [Chen et al., 2007; Khan et al., 2010a; Luthcke et al., 2006; Pritchard et al., 2009; Velicogna and Wahr, 2006] . Given the direct impact of Greenland ice sheet (GrIS) mass loss on global sea level, the determination of current changes in the GrIS is of major importance.
[3] Studies have been carried out using various methods to estimate the GrIS mass balance. Remote sensing techniques used to determine the ice sheet volume include airborne and satellite radar and laser methods [Howat et al., 2008; Hurkmans et al., 2012; Khan et al., 2010b; Pritchard et al., 2009; Thomas et al., 2006; Zwally et al., 2002] and measurements of ice flow of outlet glaciers using interferometric synthetic aperture radar from satellites [Joughin et al., 2010; Rignot et al., 2008 Rignot et al., , 2011 . Direct mass changes of the GrIS are obtained using gravitational change measurements from the Gravity Recovery and Climate Experiment (GRACE) satellite mission [Chen et al., 2007; Jacob et al., 2012; Luthcke et al., 2006; Rignot et al., 2011; Velicogna and Wahr, 2006; Wouters et al., 2008] . All of these methods have limitations. Satellite radar altimetry does not work well on sloping surfaces, and is affected by radar penetration into the snow. Interferometric synthetic aperture radar does not measure mass directly; it measures surface velocity, mainly for outlet glaciers, and the conversion to mass estimates requires a knowledge of outlet glacier thickness and of the depthdependent velocity profile. GRACE has limited spatial resolution and is affected by mass variations not just from ice changes, but also from hydrologic and ocean mass variability and from mass redistribution within the solid Earth. The accuracy of ice mass and ice volume estimates can be assessed by comparing the results from different techniques. Here, we focus on volume loss estimates from Ice, Cloud and land Elevation Satellite (ICESat), Airborne Topographic Mapper (ATM) and Land, Vegetation and Ice Sensor (LVIS) data.
[4] In this study, we focus on the northwest drainage basin of the GrIS, where Kjaer et al. [2012] recently reported substantial recurring dynamic thinning events. Dynamically induced ice loss and its associated ice surface lowering are often largest close to the glacier calving front, and the rates may vary from tens of meters per year to a few meters per year over relatively short distances (5-10 km) [Howat et al., 2007; Khan et al., 2007; Kjaer et al., 2012; Liu et al., 2012; Nielsen et al., 2012; Stearns and Hamilton, 2007] . Hence, high spatial resolution data are required to estimate volume changes accurately. To assess this, three models have been derived to estimate the volume change rates during [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] . The first model is based solely on ICESat data, while the second model is a composite of ICESat data supplemented by altimeter surveys from ATM during 2002-2010 [Krabill, 2011] and by LVIS data from 2010 [Blair and Hofton, 2010] . The third model is the same as the second, but only data from 2005-2010 are used to examine the dynamic behavior of the volume change rates. Our best estimates of ice surface elevation change rates during 2003-2010 for northwest Greenland (see Figure 1 ), delivered with a regular grid spacing of 200 m Â 200 m, are available online for download at ftp://ftp.spacecenter.dk/abbas/ JGR2012.
[5] Furthermore, we use the three models to study the implications of volume change estimates on predictions of bedrock uplift caused by present-day ice mass variability. The recently established GPS Network in Greenland (GNET) uses GPS to measure displacements of bedrock near the margins of the GrIS. Bedrock displacements have contributions from post-glacial rebound (PGR), which is the Earth's viscoelastic response to ice mass variability over the last several thousand years, and to the elastic adjustment of the lithosphere caused by present-day ice mass changes [Wahr et al., 2001] . To assess PGR models using measured uplift from GPS [Dietrich et al., 2005; Fleming and Lambeck, 2004; Johansson et al., 2002; Khan et al., 2008; King et al., 2010; Larsen et al.; Spada et al., 2012; Wahr et al., 2001] and to isolate bedrock displacements caused by PGR, the uplift caused by the presentday ice mass loss must be predicted and removed from the GPS observations. Here, we study the relative impact of incorrectly-modeled ice loads on the prediction of elastic uplift at GNET GPS sites in northwestern Greenland (see Figure 1 ). Since the GPS stations in this area were established in the summer of 2007 and our volume loss estimates cover 2003-2010, we do not compare the predictions with the observed uplift rates; rather, the goal is to assess the uncertainties of predicted elastic displacements caused by present-day surface load changes. Hence, the relative differences between the predicted uplifts based on the three models are of greater importance.
[6] Furthermore, it is important to note that a precise prediction of elastic displacements depends on the accuracy of the load model (as discussed in this study) and the accuracy of the Earth model (elastic parameters). The latter is not discussed in this study. To predict elastic displacements, we simply use the Green's function for vertical displacements derived by Jean-Paul Boy [Petrov and Boy, 2004] on the basis of the Preliminary Reference Earth Model [Dziewonski and Anderson, 1981] , and instead focus on the load and its uncertainty. The aim of this paper is to assess the value of combining ICESat data with ATM and LVIS data to determine volume change rates, and to discuss the implications for isolating PGR signals in Greenland GPS measurements.
Data
[7] We use ICESat GLA12 Release 31 data [Zwally et al., 2011] obtained from the National Snow and Ice Data Center to estimate ice elevation changes within the northwest Greenland drainage basin (marked by the blue line in Figure 2a ). The GeoscienceLaser Altimeter System instrument on ICESat provides measurements of ice sheet elevations on the TOPEX/Poseidon ellipsoid, which were converted to the WGS84 ellipsoid. The satellite laser footprint diameter is 30-70 m and the distance between footprint centers is approximately 170 m [Zwally et al., 2011] . The most important biases come from pointing errors and saturation errors. ICESat elevations that have been corrected for both pointing and saturation errors, and that have been filtered for surface roughness and atmospheric scattering, have a crossover standard deviation of s ICESat = 0.2 m [Howat et al., 2008; NSIDC, 2010; Pritchard et al., 2009] . We have used all available [2003] [2004] [2005] [2006] [2007] [2008] [2009] ICESat data.
[8] Complementing the ICESat data, we also employ elevation measurements from ATM flight-lines in this region for 2002, 2005, 2007, 2009, and 2010 . The ATM measurements have an elevation standard deviation of s ATM = 0.1 m [Krabill et al., 2002] . Additionally, we use elevation measurements from LVIS flight-lines from 2010 [Blair and Hofton, 2010] . LVIS measurements have an elevation standard deviation of s LVIS = 0.1 m [Blair and Hofton, 2010] . [9] To provide independent observations of the timing of ice loss in northwest Greenland we used data from the GRACE satellite mission. The gravity data are provided in monthly sets of spherical harmonic coefficients. These coefficients are transformed into surface mass on a 0.5 Â 0.5 degree grid and smoothed with a Gaussian smoothing function of 250 km half-width [Wahr et al., 1998] 3. Data Analysis 3.1. ICESat, ATM, and LVIS data
[10] To derive ice surface change estimates, we first divide the entire northwest Greenland drainage basin into 500 m Â 500 m cells. We assume the ice surface of cell (i, j) includes a seasonal term and a secular term. Thus, the observed height H ij of the (i, j)'th cell at time t can be expressed as where a ij represents the secular term and b ij an offset. The seasonal term is described by the a ij and b ij ,
where o is the frequency of the annual term, A ij and f ij are the amplitude and phase of the annual term, respectively. (E À E 0 ij ) and (N À N 0 ij ) are the Easting and Northing observations relative to the nominal cell center coordinates E 0 ij and N 0 ij of the (i, j)'th cell. Satellite and airborne laser altimetry provide accurate measurements of ice sheet surface elevation. However, measurements are not repeated at exactly the same location, which makes a surface slope correction necessary [Howat et al., 2008; Pritchard et al., 2009] . SE ij is the ice slope of the (i, j)'th cell in the eastern direction, while NE ij is the ice slope of the (i, j)'th cell in the northern direction:
[11] Our procedure for deriving ice surface elevation changes is similar to the method used by, for example, Ewert et al. [2012] , Howat et al. [2008] , and Smith et al. [2009] . For each (i,j)'th cell-point in the northwest Greenland drainage basin we search for all available ICESat (and for some models ATM and LVIS) data points located within the cell. Thus, we find all data points within the 500 m Â 500 m box and simultaneously fit (using least squares) annually and secularly varying terms, and slopes in the easterly and northerly directions. Next, we use the observed ice elevation change rates with their associated uncertainties to interpolate ice thinning values onto a 200 m Â 200 m grid. We use this 200 m grid because some of the GPS stations are located only a few kilometers from the ice margin, and this finer resolution is needed when modeling deformation from loads that near. Moreover, we use a land-ice mask of approximately 150 m resolution, so that we can estimate the uplift at adjacent GPS locations more accurately. The ice elevation change rates and their associated uncertainties are interpolated using the kriging method in the GRAVSOFT software package [Forsberg and Tscherning, 2008] .
[12] Figure 3 shows the ice elevation change rates derived for the three different models (negative rates mean ice thinning). The uncertainties are smallest along ICESat, ATM, or LVIS ground tracks and largest between the tracks. For model 1 we use all available ICESat data during [2003] [2004] [2005] [2006] [2007] [2008] [2009] in the northwest drainage basin, and simultaneously fit annually and secularly varying terms and slopes in the easterly and northerly directions. The ice elevation change rates in meters per year during 2003-2009 are displayed in Figure 3a , and their associated uncertainties are shown in Figure 3d .
[13] In model 2 we supplement [2003] [2004] [2005] [2006] [2007] [2008] [2009] ICESat data with ATM data from 2002, 2005, 2007, 2009, 2010 , and with LVIS data from 2010. We combine the ICESat, ATM, and LVIS data and simultaneously fit annually and secularly varying terms and slopes in the easterly and northerly directions. The ice elevation change rates obtained during 2003-2010 using model 2 and their associated uncertainties are displayed in Figures 3b and 3e Figures 3c and 3f. 
Elevation Change Due to Firn Compaction and SMB Variability
[15] Conversion of the volume loss rates obtained using models 1-3 into mass loss rates requires assumptions about the density of the snow-ice column. Firn compaction must be included to convert volume to mass. Elevation changes due to firn compaction are computed using a simple firn model that includes melt and refreezing [Reeh, 2008] . It is forced by annual temperatures, accumulation, melt, and refreezing from the regional climate model RACMO2 Van Angelen et al., 2012] . RACMO2 was run for Greenland at 11 km resolution for the period 1958-2010, using lateral boundary conditions from the European Centre for Medium-Range Weather Forecasts reanalyses (ERA-40 and ERA-Interim). Based on a comparison with observations, Ettema et al. ]. The firn model assumes that all processes take place in the surface layer (i.e., that there is no meltwater percolation). The surface layer contains a fraction of snow, and, where melt and refreezing occur, a fraction of refrozen ice. The layer of refrozen ice that remains at the end of the melt season (hereafter referred to as SIR or Superimposed Ice Remaining) is equal to the refreezing from RACMO2, albeit constrained to be between zero and SMB. The thickness and density of each annual layer is then the total of the two fractions, where the density of the firn layer at deposition is calculated by Reeh et al., 2005 
where T f is the firn temperature at 10 m depth in C, which depends on the mean annual temperature TMA and on SIR [Reeh, 1991] T f ¼ TMA þ 26:6SIR:
As the surface layer is covered by subsequent layers, firn compaction occurs, and hence the density of the firn fraction will increase and the thickness of the layer will decrease. To model the firn compaction process, the parameterization by Zwally and Jun [2002] was used 
where r w is the density of water (1000 kg m To obtain data for the periods in this study, we assumed that annual layers are based on years from 1 April to 31 March. We then summed elevation changes due to SMB and firn compaction over the periods 2003-2010 and 2005-2010 . Because the RACMO run started in 1960 and our analysis starts in 2003, the upper 43 layers of the profile were modeled, and the profile was completed using the lower 57 layers from the reference firn profile (i.e., the 1961-1990 average). To estimate the errors in elevation changes due to SMB and firn compaction, we assumed the accuracy of the SMB and temperature produced by RACMO2 [Ettema et al., , 2010 , and propagated the uncertainty through the model. The elevation changes due to firn compaction are shown in Figures 4a and 4b 
Results
[16] The estimated volume change rates using models 1-3 are summarized in Table 1 . We obtain a 2003-2009 ice volume change rate of -50.8 AE 9.1 km 3 yr -1 (a negative rate means ice volume loss) when using ICESat data only (model 1). Supplementing the ICESat data with ATM and LVIS data (model 2) increases the ice volume change rate by 10% to -55.8 AE 8.4 km 3 yr -1
. Taking the estimated uncertainties into account, there is no significant difference between model 1 and 2 when the catchment-wide volume loss is considered. However, the difference is significant for volume change rate at elevations below 1200 m, the approximate equilibrium line . There are three plausible explanations for the increased ice loss rate below 1200 m. These are (1) that northwest Greenland experienced a large acceleration in ice loss between 2009 and 2010, or (2) that there is disagreement between the combined ATM/ LVIS data and the ICESat data at common points, or (3) that the volume loss rate in model 1 is underestimated because of incomplete ICESat sampling of the region. As discussed in the next section, explanation (1) seems to contradict GRACE observations.
[17] Figure 5 shows a close-up map of model 1 and model 2 over Sverdrup and Steenstrup glaciers. Figure 5a shows elevation change rates using [2003] [2004] [2005] [2006] [2007] [2008] [2009] ICESat data, while Figure 5b shows 2003-2010 elevation change rates using ICESat, ATM, and LVIS data. The differences near the glacier margins are striking. Furthermore, model 1 predicts a smaller maximum thinning rate on Sverdruip glacier, than model 2. The differences are due to the fact that model 2 contains a greater number of observations, especially near the ice margin where the changes are largest; hence, model 2 improves the estimated thinning rates.
[18] Improvement is not uniform throughout the region but is governed by the density of points. By subtracting model 1 from model 2, the impact becomes more directly visible (Figure 6a ). Figure 6b shows the differences in elevation change rates on Sverdrup and Steenstrup glaciers, where model 1 gives smaller thinning rates by up to 8.6 m yr -1
. In general, differences are largest near the frontal portion of outlet glaciers. It is unlikely that measurements from ATM and LVIS flight-lines in this region are biased by several meters along glacier flow lines (and not between glaciers). This implies that explanation (2) above is unlikely.
[19] The catchment-wide ice volume change rate derived from model 3, which uses 2005-2010 ICESat, ATM, and LVIS data, yields -72.8 AE 9.5 km 3 yr [Joughin et al., 2010; Khan et al., 2010a; Kjaer et al., 2012; Pritchard et al., 2009; Sasgen et al., 2012; Velicogna, 2009] .
[20] Table 1 summarizes the derived ice volume and mass loss change rates from the three models. Column 5 shows that most of the increase in the ice volume rates between model 1 and 2 comes from elevations below 1200 m. This underlines the impact of the additional data used in model 2 that are not included in model 1, and shows the importance of capturing elevation changes along the ice margin. Of the entire observed thinning and volume loss, 65-74% occurs at elevations below 1200 m.
Slow-Down of Ice Mass Loss During 2009-2011
[21] To see whether the inclusion of 2010 ATM and LVIS data might be biasing our model comparisons, we have incorporated GRACE measurements into our study. 
Implications for Solid Earth Deformation
[22] The GPS Network in Greenland (GNET) uses GPS to measure the displacement of bedrock near the margins of the GrIS. Figure 1 (green circles) shows the locations of GNET sites in northwest Greenland. Upernavik (UPVK) and Kullorsuaq (KULL) are located approximately 60 km and 25 km from the ice margin, respectively. Sermip Nuunataa (SRMP), Doecker Smith Gletscher (DKSG), and Astrup Kystland (ASKY) are all located a few kilometers from the ice margin. These stations were not established until the summer of 2007, so we cannot compare the observed and modeled uplift rates caused by surface mass load variability. Instead we assess the uncertainties of the predicted elastic displacements at the five GPS locations associated with present-day surface load changes, and their effects on the use of the GPS data to validate the PGR models. Hence, we focus on assessing the relative differences in predicted uplift between the different ice volume change models presented above. We use the ice thinning rates displayed in Figure 3 , combined with the firn compaction from Figure 4 , to predict the Earth's elastic response to present-day ice mass variability from the entire drainage basin. Table 2 shows the predicted elastic uplift rates in millimeters per year obtained by convolving mass loss estimates with the Green's function for vertical displacements derived by Jean-Paul Boy [Petrov and Boy, 2004] for the Preliminary Reference Earth Model [Dziewonski and Anderson, 1981] . [23] UPVK is the furthest distance from the ice margin and shows the smallest variation in uplift rate from the three ice load models. The difference between the lowest and highest uplift rate is 0.8 mm yr -1 . The differences between the lowest and highest uplift rates at SRMP, DKSG, and ASKY are all larger than 3 mm yr -1 .
[24] The predicted viscoelastic response to past ice mass variability from the global deglaciation model ICE-5 G [Peltier, 2004] and the Greenland model HUY2 [Simpson et al., 2009; Simpson et al., 2011] are listed in the last two columns of Table 2 . We use uplift rates calculated and made available by W R Peltier (http://www.atmosp.physics.utoronto.ca/~peltier/data.php) and Matthew Simpson (see auxiliary material of Simpson et al. [2011] ). The HUY2 model includes non-Greenland ice and ocean loading changes from ICE-5 G. HUY2 uses an Earth model characterized by a 120 km lithosphere, an upper mantle viscosity of 5 Â 10 20 Pa s, and a lower mantle viscosity of 10 21 Pa s. The ICE-5 G model uses an Earth model characterized by a 90 km lithosphere and the VM2 viscosity profile. A detailed description of the VM2 viscosity profile can be obtained from: http://www.atmosp.physics.utoronto.ca/~peltier/datasets/ visc_models/VM2_L90.txt. The differences between the two models are less than 0.5 mm yr -1 in northwest Greenland, but are much larger in other coastal areas of Greenland, and are caused by differences in the Earth model and ice loading history. Correcting the observed GPS rates for elastic displacement using model 1, and using the residuals to assess PGR models, would result in an incorrect interpretation of the PGR signal. The small difference in the predicted viscoelastic response from the PGR models implies that in order to assess the latter models, the relatively large differences in the predicted uplift from models 1, 2, and 3 are severe and must be taken into account. Hence, for validation of PGR models using GPS uplift rates near regions undergoing present-day ice changes, attention must be paid to the correct modeling of the ice loss. A small error in the uplift rate estimate for these sites could significantly influence the conclusions concerning mantle viscosity and ice-sheet history.
Discussion and Conclusions
[25] We have constructed three models of volume change rates for the northwest Greenland drainage basin. Model 1 uses ICESat data alone. In model 2 we supplement the ICESat data with ATM and LVIS data, and obtain an increase in the ice loss rate of 5 km 3 yr -1 over model 1. This is equal to 10% of the total drainage basin rate. , which is equal to the difference at the drainage basin scale. The increase of about 14% is due to the fact that adding the ATM and LVIS data improves the resolution of thinning rates near the frontal portion of outlet glaciers (see Figures 3a and 3b) . The importance of higher data density near the margin of the ice sheet is also noted by Thomas et al. [2006] , who stated that their ATM/ ICESat mass-budget estimate of the entire ice sheet based on ATM data from 1998/1989 and ICESat data from 2004 was an underestimate due to inadequate near-coastal coverage.
[26] Furthermore, using GRACE data for the northwest drainage basin, we find an annual mass loss rate of 39. [27] In model 3 we use all available data from 2005-2010 only, and obtain a volume loss rate of 59.4 AE 8.7 Gt yr -1 for the entire northwest basin. The rate is much larger than the 40.0 AE 7.7 Gt yr -1 ice loss rate observed during 2003-2010. This suggests a significant acceleration in mass loss, which is consistent with other studies [e.g., Joughin et al., 2010; Khan et al., 2010a; Kjaer et al., 2012; Pritchard et al., 2009; Sasgen et al., 2012] . Furthermore, the percentage of the ice volume loss that occurred below a 1200 m elevation decreased from 74% during 2003-2010 to 65% during 2005-2010 , suggesting that mass loss had spread to higher elevations (above 1200 m) during 2005-2010. [28] Our study shows that the relative difference between calculations of the predicted elastic uplift based on the three models is highly variable. This implies that assessing PGR models using observations of bedrock uplift from GPS is heavily affected by the ice mass loss model used to predict the elastic displacement. Many GNET GPS stations along the GrIS are located only a few kilometers from the ice margin. Our results suggest that sites located close to the ice margin can be strongly affected by the Earth's elastic response to present-day ice mass variability, and that high resolution data might be required to model and remove the elastic response accurately in order to assess the PGR signal. The use of ICESat data alone to predict elastic uplift rates could bias the predicted rates by several millimeters per year.
[29] The spacing between adjacent ICESat tracks increases with decreasing latitude. Hence, using only ICESat data in south Greenland may cause a significant underestimation of the total volume change, possibly by more than the 11% shown in this study for northwest Greenland. As shown by this study the underestimate is simply due to the lack of measurements near the frontal portion of outlet glaciers currently undergoing huge surface lowering, which may vary from tens of meters per year to a few meters per year over relatively short distances. This means that the use of ICESat data in southwest Greenland may be sufficient, since the frontal changes on glaciers in that region are small (with the exception of Jakobshavn Isbrae). However, glaciers in southeast Greenland recently experienced massive dynamically-induced surface lowering. Consequently, relying solely on ICESat data could lead to a significant underestimate of the total ice loss. Supplementing ICESat data with ATM and LVIS data in southeast Greenland could improve the ice loss estimation.
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